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(Background: elF2~P induces translational expression of ATF4, an ISR transcription factor that regulates cell survival
Results: The LIP isoform of C/EBPf represses ATF4 transcription during UV stress, reducing ATF4 mRNA available for

Conclusion: Transcription of ATF4 is controlled by different stress signaling pathways.
Significance: Differential ISR expression during eIF2~P is important for alleviation of cell damage during environmental
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Different environmental stresses induce the phosphorylation
of eIF2 (eIF2~P), repressing global protein synthesis coincident
with preferential translation of ATF4. ATF4 is a transcriptional
activator of genes involved in metabolism and nutrient uptake,
antioxidation, and regulation of apoptosis. Because ATF4 is a com-
mon downstream target that integrates signaling from different
elF2 kinases and their respective stress signals, the e[F2~P/ATF4
pathway is collectively referred to as the integrated stress response.
Although eIF2~P elicits translational control in response to many
different stresses, there are selected stresses, such as exposure to
UV irradiation, that do not increase ATF4 expression despite
robust elF2~P. The rationale for this discordant induction of
ATF4 expression and eIF2~P in response to UV irradiation is that
transcription of ATF4 is repressed, and therefore ATF4 mRNA is
notavailable for preferential translation. In this study, we show that
C/EBPS3 is a transcriptional repressor of ATF4 during UV stress.
C/EBP 3 binds to critical elements in the ATF4 promoter, resulting
inits transcriptional repression. Expression of C/EBPf3 increases in
response to UV stress, and the liver-enriched inhibitory protein
(LIP) isoform of C/EBP 3, but not the liver-enriched activating pro-
tein (LAP) version, represses A TF4 transcription. Loss of the liver-
enriched inhibitory protein isoform results in increased ATF4
mRNA levels in response to UV irradiation and subsequent recov-
ery of ATF4 translation, leading to enhanced expression of its tar-
get genes. Together these results illustrate how eI[F2~P and trans-
lational control combined with transcription factors regulated by
alternative signaling pathways can direct programs of gene expres-
sion that are specifically tailored to each environmental stress.
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Environmental stresses induce rapid changes in gene expres-
sion designed to alleviate cell damage and return cells to home-
ostasis. For example, protein synthesis is rapidly reduced in
response to different stresses, allowing for conservation of cel-
lular resources and a reprogramming of gene expression
designed to enhance cell survival. Central to this translational
control is a family of protein kinases that phosphorylates the «
subunit of the initiation factor eIF2 (elF2a) (1-4). The elF2
complexed with GTP and the initiator Met-tRNAM¢ associates
with the 40 S ribosomal subunit to facilitate recognition of the
start codon. Prior to the joining of the 40 and 60 S ribosomal
subunits, the GTP associated with eIF2 is hydrolyzed, leading to
a release of eIF2-GDP, which is recycled to the active GTP-
bound form by a guanine nucleotide exchange factor, eIF2B.
Phosphorylation of elF2« at serine 51 blocks the exchange of
elF2-GDP to elF2-GTP, resulting in a repression of initiation of
protein synthesis (1-4).

Accompanying this repression of global protein synthesis,
phosphorylation of eIF2a (eIF2a~P)? also leads to preferential
translation of selected mRNAs, such as that encoding the tran-
scription factor ATF4 (1, 4-7). In this case, el[F2a~P delays
translation reinitiation, allowing scanning ribosomes to bypass
an inhibitory upstream ORF (uORF) located in the 5’-leader of
the ATF4 mRNA. Elevated levels of the basic leucine zipper
(bZIP) transcription factor ATF4 enhance the expression of
target genes involved in amino acid metabolism, nutrient
uptake, the redox status of cells, protein processing, and regu-
lation of apoptosis (8 —10). Because many different stresses can
trigger ATF4 translation through induced elF2a~P, this path-
way has been referred to as the integrated stress response (ISR)

2The abbreviations used are: elF2~P, phosphorylation of elF2; C/EBPg,
CCAAT/enhancer-binding protein 3; ISR, integrated stress response; LAP,
liver-enriched activating protein; LIP, liver-enriched inhibitory protein;
uORF, upstream ORF; bZIP, basic leucine zipper; ER, endoplasmic reticu-
lum; MEF, mouse embryonic fibroblast; qPCR, quantitative real time PCR;
TK, thymidine kinase; ASNS, asparagine synthetase; CAT-1, cationic amino
acid transporter 1; Luc, luciferase.
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(8). Therefore, the ISR has both translational and transcrip-
tional control features that regulate gene expression designed
to alleviate stress damage. These features of the ISR are shared
with GCN4 translational control and the general amino acid
control pathway in yeast, emphasizing its evolutionarily con-
served role in remediation of environmental stresses (11, 12).

In mammals, four different elF2«a kinases can activate the
ISR, each responding to a different set of stress conditions. For
example, perturbation in protein folding and assembly in the
endoplasmic reticulum (ER) induces PERK (EIF2AK3/PEK)
phosphorylation of eIF2« (1-4). Nutrient deprivation and UV
irradiation stimulate the elF2a kinase GCN2 (EIF2AK4) (4,
12-15), whereas viral infection and heme deprivation in
erythroid cells induce PKR (EIF2AK2) and HRI (EIF2AK1),
respectively (16 —20). Dysfunctions in these elF2« kinases are
linked with pathologies in multiple organs, emphasizing their
important roles in the recognition and alleviation of environ-
mental stress (10, 21-24). For example, loss of PERK leads to
Wolcott-Rallison syndrome, which features neonatal diabetes
due to loss of islet B-cells, exocrine pancreatic dysfunction,
epiphyseal dysplasia, mental retardation, and impairment of
hepatic, kidney, and cardiac tissues.

Although a large number of environmental stresses can acti-
vate the ISR, there are some reported stress conditions, such as
UV irradiation, that do not lead to expression of ATF4 despite
robust elF2a~P (13, 14, 25). This discordant induction of the
ISR was also reported in brain ischemia and non-alcoholic ste-
atohepatitis (26, 27). Along with preferential translation of
ATF4, transcriptional induction of ATF# is a contributor to its
increased expression in the ISR (25, 28, 29). Increased ATF4
mRNA helps to replenish the labile transcript for translational
expression during e[F2a~P. However, following stresses, such
as UV irradiation, the transcription of ATF#4 is repressed, and as
a consequence, there are only low levels of ATF4 mRNA avail-
able for translation (25). Although eIlF2a~P and the accompa-
nying translational control enhance the resistance of cultured
cells to UV treatment, forced expression of ATF4 with the UV
insult substantially reduces survival (25). This indicates that
differential induction of e[F2a~P and the ISR in response to
certain environmental stresses can be critical for remediation of
stress damage. Furthermore, the transcriptional regulation of
ATF4 provides an explanation for how induction of e[F2a~P
does not necessarily elicit the same pattern of gene expression
for each stress. The levels of each transcript subject to prefer-
ential translation by eIF2a~P can be selectively diminished,
thus allowing different sets of mRNAs to be selectively trans-
lated depending on the precise stress arrangement (25).

We are interested in the mechanisms controlling the levels of
mRNAs encoding for key ISR factors, such as ATF4, and the
role that these regulatory processes play in generating unique
gene expression profiles directed by e[F2a~P during different
environmental stresses. The ISR is suggested to be regulated by
different transcription factors, which can function downstream
of alternative stress response pathways. One such bZIP tran-
scription factor whose function can be regulated during stress is
C/EBPB, which facilitates diverse physiological processes,
including adipogenesis, immunity, and bone and liver functions
(30-32). C/EBP can heterodimerize with ATF4, which is sug-
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gested to enhance expression of ISR target genes (33—38). Inter-
estingly, translation of the C/EBP3 mRNA can give rise to three
different isoforms, namely liver-enriched activating protein
(LAP), LAP*, and liver-enriched inhibitory protein (LIP) (30,
39, 40). The carboxyl-terminal bZIP domain is conserved in
each of the isoforms, but the LAP/LAP* isoforms contain an
amino-terminal trans-activation domain that is missing in the
shorter LIP isoform. The expression of these C/EBPf3 isoforms
is a consequence of the utilization of different start codons in
the mRNA, which can be altered during stress (39, 40).

Here we report a new role for C/EBPS in the regulation of the
ISR in response to UV irradiation. We show that C/EBPf3 func-
tions as a transcriptional repressor of ATF4 during UV stress.
C/EBPS binds to critical elements in the ATF4 promoter,
resulting in its transcriptional repression. As a consequence,
there is significantly reduced ATF4 expression accompanying
enhanced elF2a~P. Furthermore, we show that C/EBPS
expression is enhanced following UV irradiation and that the
LIP isoform of C/EBPf, but not the LAP version, directly
represses A TF4 transcription. Loss of the LIP isoform results in
increased ATF4 mRNA levels in response to UV irradiation and
subsequent recovery of ATF4 translation, leading to enhanced
expression of its target genes. Together these results illustrate
how a common regulatory process, e[F2a~P and translational
control, combined with different stress-regulated transcrip-
tional mechanisms can direct patterns of gene expression that
are specifically tailored to each environmental stress.

EXPERIMENTAL PROCEDURES

Cell Culture and Stress Conditions—Wild-type, CHOP '™,
ATF4~'~,C/EBPB~'~,and C/EBPB-AuORF mouse embryonic
fibroblast (MEF) cells were described previously (40 —43). MEF
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1 mm non-essential amino acids,
10% (v/v) fetal bovine serum, 100 units/ml penicillin, and 100
ug/ml streptomycin at 37 °C. The ATF4~'~ MEF cells were
reported to be sensitive to oxidative stress, and therefore cul-
ture media for ATF4~'~ cells and the wild-type control cells
analyzed in parallel in each experiment were supplemented
with additional essential amino acids along with 55 um B-mer-
captoethanol (8). MEF cells were grown to about 70% conflu-
ence and treated with 40 J/m? UV-C irradiation (UV
Stratalinker 2400) or 1 uMm thapsigargin as indicated. In some
cases, these stress conditions were combined by first exposing
MEF cells to 40 J/m* UV-C irradiation. Following 1 h of culture,
these cells were then treated with 1 um thapsigargin for up to
6 h as indicated. Measurement of the stability of C/EBPS
mRNA was determined by adding 20 um actinomycin D 1 h
after 40 J/m? UV-C irradiation, 1 um thapsigargin, or no stress
treatment. Cells were then cultured for an additional 1, 2, or 4 h,
and ATF4 and C/EBPB mRNA levels were measured by quan-
titative real time PCR (qPCR) as described below.

Preparations of Protein Lysates and Immunoblot Analyses—
MEEF cells treated with or without stress conditions were
washed twice with ice-cold phosphate-buffered saline (pH 7.4)
and lysed in a solution containing 50 mm Tris-HCI (pH 7.9), 150
mm NaCl, 0.1% SDS, 100 mm NaF, 17.5 mm glycerol phosphate,
and 10% glycerol that was supplemented with protease inhibi-
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tors (100 um phenylmethylsulfonyl fluoride, 0.15 M aprotinin,
1 um leupeptin, and 1 um pepstatin). Lysates were sonicated for
30 s and precleared by centrifugation at 10,000 X g at 4°C.
Protein concentrations were measured using the non-deter-
gent Bio-Rad protein quantification reagent, and equal
amounts of the protein preparations were separated by SDS-
PAGE using low and high range molecular weight markers
(Bio-Rad) for measurements of protein sizes. Separated pro-
teins were then transferred to nitrocellulose filters, which were
incubated for 1 h in TBST solution containing 20 mm Tris-HCI
(pH 7.9), 150 mMm NaCl, 0.2% Tween 20, and 4% (w/v) nonfat
dried milk. The filters were incubated overnight with antibody
specific to the indicated proteins at 4 °C. Antibody specific for
phosphorylated elF2« at serine 51 was obtained from Cell Sig-
naling Technologies (catalog number 9721), whereas CHOP
and B-actin antibodies were obtained from Santa Cruz Biotech-
nology (catalog number sc-7351) and Sigma (catalog number
A5441), respectively. ATF4 antibody was prepared against
recombinant protein (44), and the antibody that detected all of
the isoforms of C/EBPS (LAP, LAP*, and LIP) was purchased
from Biolegend (clone 1H7). Monoclonal antibody that recog-
nizes total elF2a (phosphorylated and non-phosphorylated)
was provided by Dr. Scott Kimball (Pennsylvania State Univer-
sity College of Medicine, Hershey, PA). The filters were washed
three times in the TBST solution followed by incubation with
horseradish peroxidase-tagged secondary antibody at room
temperature for 1 h. Protein levels were determined with either
x-ray film or a LICOR Odyssey imaging system. Each of the
experiments featuring immunoblot analyses was repeated three
independent times for validation.

RNA Isolation and Real Time PCR Analyses—MEF cells were
treated with the indicated stresses, and total RNA was isolated
using TRIzol reagent (Invitrogen). To remove any contaminat-
ing DNA, the total RNA preparations were treated with DNase
I (Promega) for 30 min at 37 °C. Single strand cDNA synthesis
was carried out using the TagMan reverse transcriptase kit
(Applied Biosystems) following the manufacturer’s instruc-
tions. Levels of mRNA were measured by qPCR by the SYBR
Green (Applied Biosystems) method using a Roche Applied
Science LightCycler 480 real time PCR system. Levels of target
mRNAs were normalized with levels of B-actin transcripts. The
primers for measuring ATF4 and C/EBPP3 mRNAs were as
follows: ATF4: forward primer, 5'-GCCGGTTTAAGTTGTG-
TGCT-3'; reverse primer, 5'-CTGGATTCGAGGAATGT-
GCT-3'; C/EBP: forward primer, 5'-CGGGTTTCGGGACT-
TGAT-3'; reverse primer, 5'-GCCCGGCTGACAGTTACAC-
3’; and B-actin: forward primer, 5'-TGTTACCAACTGGGA-
CGACA-3'; reverse primer, 5'-GGGGTGTTGAAGGTCTC-
AAA-3'. The transcript levels expressed from the ATF4 target
genes asparagine synthetase (ASNS), cationic amino acid trans-
porter 1 (CAT-1), and CHOP were measured by using qPCR
and the following primer sets: ASNS: forward primer, 5'-TTG-
ACCCGCTGTTTGGAATG-3'; reverse primer, 5'-CGCCTT-
GTGGTTGTAGATTTCAC-3'; CAT-1: forward primer,
5-CTTTGGATTCTCTGGTGTCCTGTC-3’; reverse primer,
5-GTTCTTGACTTCTTCCCCTGTGG-3'; and CHOP: for-
ward primer, 5'-CGGAACCTGAGGAGAGAGTG-3’; reverse
primer, 5'-CGTTTCCTGGGGATGAGATA-3'. The qPCR
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measurements were carried out using the LightCycler 480 soft-
ware to generate C, values. Values are represented as the mean
from three independent experiments with each measurement
carried out in triplicate and standard deviations as indicated.
Statistical significance was calculated by using the two-tailed
Student’s ¢ test.

Plasmid Constructions and Luciferase Assays—Transcrip-
tional regulation of ATF4 was measured using a previously
reported P, ;x,-Luc plasmid containing the 2.5-kb mouse ATF4
promoter fused to the firefly luciferase coding region in the
pGL3 expression plasmid (25). ATF4 translation control was
measured using a P,-A TF4-Luc plasmid containing the cDNA
encoding the 5'-leader of mouse ATF4 mRNA and the ATF4
start codon, which were downstream of a constitutive 7K pro-
moter (7).

Deletion analysis of the ATF4 promoter in the P, p,-Luc
plasmid was performed by sequentially removing 500-bp seg-
ments from the 5'-portion of the ATF4 promoter using diver-
gent 5'-phosphorylated primers to PCR amplify the required
construct and subsequent ligation using T4 DNA ligase at room
temperature. Additionally, internal deletions of 500-bp seg-
ments removing sequences from —2to —1.5kb, —1.5to —1kb,
—1to —0.5 kb, and —0.5 kb to —1 bp were similarly created in
the ATF4 promoter of the P, ;z,-Luc plasmid. Deletions of pre-
dicted C/EBP-binding sites involving the indicated sequences
in the ATF4 promoter were also constructed in the P, ;r,-Luc
plasmid. Plasmids expressing LAP and LIP isoforms of C/EBPf3
were described previously (43).

For the luciferase assays, MEF cells were plated at a density of
10° cells/well in 35-mm plates and grown overnight to a density
of 50% cellular confluence. The P, ;x,-Luc or P ~ATF4-Luc
plasmids were cotransfected with a control Renilla luciferase
plasmid at a dilution ratio of 10:1 using FUuGENE 6 reagent
(Roche Applied Science). 24 h after transfection, the MEF cells
were exposed to vehicle alone, 1 um thapsigargin, or 40 J/m?
UV-C irradiation and then cultured for an additional 12 h.
Dual-Luciferase assays were carried out as described by the
Promega instruction manual. Luciferase values were derived as
the mean of three experiments with the standard deviation
indicated. Statistical significance was calculated with the two-
tailed Student’s ¢ test.

Chromatin Immunoprecipitation—C/EBPB~'~ MEF cells
and the wild-type counterpart were plated in 15-cm plates and
grown overnight to about 60% confluence. Cells were treated
with 40 J/m? UV-C irradiation followed by 6-h incubation or 1
M thapsigargin for 6 h or subjected to no stress. Chromatin
immunoprecipitations were performed with the SimpleChIP
Enzymatic Chromatin IP kit (Cell Signaling Technology catalog
number 9003) following the manufacturer’s protocol. Immu-
noprecipitation reactions were carried out by using antibodies
against C/EBP (Biolegend clone 1H7), histone H3 (D2B12)
(Cell Signaling Technology catalog number 4620), and rabbit
IgG (Cell Signaling Technology catalog number 2729). Immu-
noprecipitated DNA samples were then analyzed by qPCR. The
primers for the segment of DNA analyzed for C/EBPS binding
designated P1, P2, and P3 were as follows: P1: forward primer,
5'-GGGACTGGAGAGTTAGGTTCG-3'; reverse primer, 5'-
TGTTTAAGTGACTCACAC-3’; P2: forward primer, 5'-
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AAGGCTTGAGAGCCAACTGA-3'; reverse primer, 5'-TTC-
CTCCAGTTCAGCGATTT-3'; and P3: forward primer, 5'-
TCGGTTCTGGAAACAACAAA-3’; reverse primer, 5'-GTC-
ACACCTGCCATCTCTTG-3'. Primer sets for RPL30 were
provided with the SimpleChIP kit. Values are represented as the
mean from three independent experiments with standard devi-
ations as indicated. Statistical significance was calculated by
using the two-tailed Student’s ¢ test.

RESULTS

ATF4 Expression Is Blocked in Response to UV Irradiation
Despite Robust elF2a~P—Low ATF4 expression following UV
irradiation has been attributed to its transcriptional repression,
which diminishes the levels of ATF4 mRNA available for pref-
erential translation during elF2a~P (25). These central ideas
are illustrated in wild-type MEF cells treated with 40 J/m>
UV-C irradiation or with 1 uM thapsigargin, an inducer of ER
stress that enhances both the transcription and translational
expression of ATF4 (25). ATF4 mRNA levels as measured by
qPCR were lowered about 3-fold 6 h following UV irradiation,
whereas ER stress enhanced ATF#4 transcript levels by over
2-fold compared with the non-treated cells (Fig. 14). When UV
irradiation was combined with thapsigargin treatment, there
was no induction of ATF4 mRNA levels; in fact, following 6 h of
this combined stress regimen, there was a significant reduction
in ATF4 transcripts. This expression pattern of the ISR indi-
cates that the repressing effects of UV stress are dominant dur-
ing the progression of the stress response.

We also measured expression of ATF4 protein by immuno-
blot analysis in response to UV and ER stress. Both stress treat-
ments increased e[F2a~P levels with progressive enhancement
after 3 and 6 h following the initiation of the stress (Fig. 1B).
However, only thapsigargin treatment increased ATF4 protein
levels as well as its downstream target gene product, CHOP.
Combined treatment of the MEF cells with UV irradiation and
thapsigargin led to enhanced elF2a~P that exceeded that
measured by either stress alone. However, by 6 h of the stress
regimen, there was minimal expression of ATF4 protein. Fur-
thermore, the levels of CHOP protein were lowered as com-
pared with thapsigargin treatment alone (Fig. 1B). It is noted
that at 3 h of the combined stress treatment there was some
expression of ATF4 protein. At this earlier time point, ATF4
mRNA levels were not yet lowered, suggesting some availability
of transcript for preferential translation. These protein meas-
urements support the idea that although UV irradiation
induces elF2a~DP this stress condition serves to repress ATF4
expression.

The changes in ATF4 mRNA levels are suggested to be the
consequence of transcriptional regulation as wild-type MEF
cells containing a luciferase reporter P, ;-r,-Luc, which includes
2.5 kb of the ATF4 promoter, showed over a 2-fold increase in
activity during ER stress. By comparison, UV irradiation
reduced the P,rp,-Luc activity to less than 50% of the non-
treated cells (Fig. 1C). Taken together, these results show that
ATF4 mRNA is transcriptionally repressed in response to UV
irradiation, leading to low levels of ATF4 protein despite
enhanced elF2a~P.
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FIGURE 1. Expression of ATF4 is blocked following UV irradiation despite
increased elF2a~P. A, wild-type MEF cells were treated with either 40 J/m?
UV-C irradiation (UV) or 1 um thapsigargin (TG) and cultured for 3 or 6 h as
indicated. Alternatively, cells were treated with UV-C irradiation for an hour
followed by thapsigargin (UV/TG) for the indicated time. 0 h represents no
stress treatment. Total MRNA was then isolated from the cells, and the levels
of ATF4 mRNA were measured by qPCR. Values obtained are -fold change
compared with the no-treatment control. Each experiment was performed
three independent times with error bars representing the S.D. * indicates sig-
nificance with p < 0.05 compared with non-treated control. # indicates a
significant difference between the UV and ER stress treatments after 6 h. B,
protein lysates were prepared from wild-type MEF cells treated with the con-
ditions as indicated for A. Levels of ATF4, elF2a~P, total elF2«, CHOP, and
B-actin were measured by immunoblot analysis using antibodies specific to
the indicated proteins. C, the P,;,-Luc reporter plasmid containing 2.5-kb of
the ATF4 promoter was transfected into the wild-type MEF cells, which were
then treated with 1 um thapsigargin or 40 J/m? UV-C irradiation or subjected
to no treatment (NT) as indicated. Firefly luciferase activity was measured as
described under “Experimental Procedures,” and the luciferase activity rela-
tive to the non-treated sample is presented in the histogram along with the
S.D. (error bars).

ATF4 Promoter Contains Elements Responsible for Tran-
scriptional Repression—To determine the underlying mecha-
nism for repression of the ATF4 promoter in response to UV
irradiation, we processively deleted 500-bp segments from the
5’-end of the 2.5-kb of ATF4 promoter included in the P, -
Luc plasmid (Fig. 24). The resulting reporter plasmids were
transfected into wild-type MEF cells, which were treated with
40J/m?* UV irradiation. A 2-fold repression of luciferase activity
was seen in cells containing plasmids deleted for the promoter
sequences from —2.5 to —1 kb, although there were some sig-
nificant increases in the P,,.,-Luc expression in the non-
treated cells with some of the deletion constructs (Fig. 24).
Importantly, deletion of the segment from —1 to —0.5 kb
relieved the repression of P, ;r,-Luc expression with no change
in luciferase activity following UV treatment, suggesting that
this portion of the ATF4 promoter facilitated transcription
repression.

In parallel to the processive 5'-deletions of the ATF4 pro-
moter, we also carried out internal 500-bp deletions in the
2.5-kb promoter of the P, ;,-Luc reporter (Fig. 2B). Whereas
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FIGURE 2. ATF4 promoter contains critical elements for repression in response to UV irradiation. A, the P, -Luc reporter plasmid containing 2.5 kb of the
ATF4 promoter was transfected into wild-type MEF cells, and following UV irradiation (UV) or no treatment (NT), luciferase activity was measured. In parallel,
0.5-kb segments were sequentially deleted from the 5'-end of the ATF4 promoter in the P,¢,-Luc reporter and analyzed for activity in the wild-type cells treated
with UV irradiation or subjected to no treatment. P,e,-Luc activity is presented along with the S.D. (error bars). B, internal 0.5-kb deletions were also con-
structed in the P,7.,-Luc reporter and transfected into wild-type MEF cells followed by exposure to UV irradiation or no treatment. Furthermore, smaller
deletions were constructed within the —1 to —0.5-kb region of the ATF4 promoter and assayed in wild-type cells in the presence or absence of UV stress. *

designates significance (p < 0.05).

deletions from —2to —1.5and —1.5to —1.0 kb retained repres-
sion of the luciferase reporter, removal of a segment from —1 to
—0.5 kb changed the UV stress from a repressing signal to one
that activates with almost a 4-fold increase in luciferase activity
upon UV irradiation (Fig. 2B). As expected, deletion from —0.5
kb to —1 bp removed core promoter sequences, leading to min-
imal P, ;p,-Luc expression in both UV-irradiated and non-
treated cells.

The ATF4 promoter sequences from —1.0 to —0.5 kb are
suggested to be central for repression of ATF4 in response to
UV irradiation. Interestingly, included within this promoter
segment are two predicted C/EBPB-binding elements situated
at —950 to —935 bp (TAAATAGCAATCAAT) and at —874 to
—859 bp (TTGCAAATAATCACT) that reside in this portion
of the ATF4 promoter. We constructed smaller internal dele-
tions that removed one or the other of the predicted C/EBP3-
binding sequences. A deletion from —1000 to —875 bp led to
over a 2-fold increase in P, ;4,-Luc expression in response to
UV irradiation, which recapitulated the key findings from the
larger —1.0 to —0.5-kb internal deletion (Fig. 2B). Deletion of
the —875 to —789-bp region triggered high basal luciferase
expression, which was retained even with UV stress. These
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results suggest that there are key regulatory elements in the
ATF4 promoter, from approximately —1000 to —789 bp, that
facilitate repression in response to UV irradiation.

C/EBPp Represses ATF4 Promoter—Our promoter deletion
analyses suggested that C/EBPf3 contributes to transcriptional
repression of ATF4. To test this idea, we treated C/EBPB~'~
MEEF cells and the wild-type counterpart with UV irradiation or
thapsigargin and measured the ATF4 transcript and protein
levels. The C/EBPB ™'~ MEF cells displayed a 4-fold increase in
ATF4 mRNA levels 6 h after the UV treatment compared with
non-treated cells (Fig. 3A). By comparison, wild-type and
CHOP™'~ MEF cells showed reduced amounts of ATF4 tran-
script in response to UV irradiation. Each of these cell lines had
increased ATF4 mRNA levels in response to ER stress; in fact,
the C/EBPB ™’ cells showed almost a 7-fold enhancement of
ATF4 mRNA upon thapsigargin treatment that was modestly,
albeit significantly, higher than that in wild-type cells (Fig. 3A4).
Previously, we noted that the repressing effects of UV irradia-
tion were dominant in combination stress treatments in wild-
type cells (Fig. 1, A and B). However, in C/EBPB '~ cells, the
combination of UV and thapsigargin treatments increased
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FIGURE 3. C/EBPp is required for reduced ATF4 mRNA in response to UV
irradiation. Wild-type, CHOP~/~,and C/EBPB ™/~ MEF cells were treated with
1 um thapsigargin (TG) or with 40 J/m? UV-C irradiation (UV) and cultured for
6 h. A, the levels of ATF4 mRNA were measured by qPCR, and the -fold change
in the transcript levels is represented relative to cells not treated with stress
with the S.D. indicated by error bars. B, C/EBPB~'~ MEF cells were treated with
UV irradiation, thapsigargin, or both (UV/TG) and cultured for 3 or 6 h. Values
are relative to the no-treatment control (0), and the S.D. is indicated by error
bars. C, protein lysates were prepared from wild-type and C/EBPB~'~ MEF
cells subjected to UV irradiation, thapsigargin, or no treatment (NT), and the
indicated protein levels were measured by immunoblot analysis. The LAP and
LIP isoforms of C/EBP are indicated to the right of the panel. Results are
representative of three independent experiments. * indicates significance
with p < 0.05.

ATF4 mRNA to levels similar to levels measured for ER stress
alone (Fig. 3B).

Immunoblot analyses of ATF4 protein from lysates prepared
from C/EBPB ™'~ cells treated with UV irradiation also showed
increased ATF4 levels, whereas ATF4 protein was absent in the
similarly stressed wild-type cells (Fig. 3C). During ER stress,
increased ATF4 protein was observed in both wild-type and
C/EBPB ™'~ cells. As expected, both LIP and LAP forms of
C/EBPB were not present in the C/EBP[-deleted cells. Levels of
CHOP protein were significantly diminished in the C/EBPB™'~
cells during ER stress compared with wild type and absent in the
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mutant cells subjected to UV irradiation (Fig. 3C). Results of
this experiment are consistent with our measurements of A TF4
mRNA, indicating that C/EBPB serves to repress ATF4
expression.

To determine whether C/EBPf3 directly binds in vivo to the
regulatory elements in the ATF4 promoter, we carried out ChIP
analysis using antibody that specifically recognizes C/EBPS.
We considered three sites in the ATF4 promoter: P1 that
includes the two predicted C/EBPB-binding sites (—978 to
—800 bp) along with two flanking regions designated P2 (—628
to —470 bp) and P3 (—334 to —194 bp) (Fig. 44). There was
specific C/EBPS binding at the P1 segment that was absent
using control antibody (Fig. 4B). The C/EBPB association at the
P1 portion of the ATF4 promoter was enhanced in MEF cells
following UV irradiation when A TF4 mRNA levels are low, and
there was decreased binding of C/EBP to the P1 segment dur-
ing ER stress when ATF4 transcript levels are elevated. As
expected, no significant C/EBPf binding to the P1 segment of
the ATF4 promoter was found in the C/EBPB-deleted cells (Fig.
4C). Additionally, C/EBPf was not associated with the P2 or P3
portion of the ATF4 promoter in the ChIP experiments using
either C/EBPB-specific or control antibody. As an additional
control, histone H3 Lys-4-specific antibody was observed to
bind to a portion of the RPL30 gene in either wild-type or
C/EBPB ' cells independently of stress arrangements (Fig. 4,
Band C). These results support the model that C/EBPS binds to
a specific segment of the ATF4 promoter following UV stress,
triggering repression of transcription. In conditions such as ER
stress where ATF4 transcription is activated, there is minimal
binding of C/EBPf at this ATF4 promoter region.

Expression of C/EBP Isoforms Is Differentially Regulated in
Response to UV and ER Stress—Measurements of C/EBPS
mRNA levels in response to either UV or ER stress showed
increases in transcript levels 2 h after the initiation of the stress
with UV irradiation eliciting the largest enhancement in
C/EBPB expression (Fig. 5A). Interestingly, measurements of
the turnover of C/EBP3 mRNA by treatment of the wild-type
MEF cells with actinomycin D, a potent inhibitor of RNA
polymerase 11, prior to the stress exposure indicated that UV
exposure increased the half-life of the C/EBP transcripts to
greater than 10 h (Fig. 5, B and C). By comparison, the half-life
of C/EBPP3 mRNA was ~2 h in the cells treated with thapsi-
gargin or subjected to no stress. Together these studies suggest
that UV and ER stress can differentially affect the expression of
C/EBPB.

We next measured C/EBPf3 proteins, which can exist as three
isoforms: LAP and LAP*, which include an extended amino
terminus, and LIP, which is devoid of this transcriptional acti-
vation region and has been observed to inhibit transcription
(30-32, 45). To determine whether any significant change
occurs in the expression of the C/EBPf isoforms following
thapsigargin treatment or UV irradiation, we treated wild-type
and C/EBPB ™'~ MEEF cells with these stress arrangements and
measured the changes in the levels of this transcription factor
for up to 24 h. In response to UV irradiation, there was a signif-
icant increase in LIP levels after 3 and 6 h of UV treatment,
returning to non-stressed amounts after 8 h (Fig. 6A4). ER stress
resulted in no change in LIP expression after 3 h of thapsigargin
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FIGURE 4. C/EBP binds to specific elements in ATF4 promoter. A, sche-
matic representation of the regions of ATF4 promoter analyzed for C/EBPf3
binding by ChIP. TSS indicates the transcriptional start site, and the promoter
region is illustrated from —2.5 kb to the +1 position. The region designated
P1includes the sequence —978to —800 bp in the ATF4 promoter, and P2 and
P3 represent regions —628to —470 bp and —334to —194 bp, respectively. B,
6 h after exposure to 40 J/m? UV-Cirradiation (UV) or 1 umthapsigargin (TG) or
no treatment (NT), wild-type (WT; B) and C/EBPB '~ (C) cells were analyzed by
ChIP analyses for C/EBPf binding to the P1, P2, and P3 regions of the ATF4
promoter. Theimmunoprecipitated DNA was analyzed by gPCR using primer
sets specific for each promoter region. C/EBPB indicates that antibody specific
to this transcription factor was used in the ChIP assay; rabbit IgG antibody was
used as a control. ChIP analyses were also carried out with the control histone
H3 Lys-4 (D2B12) antibody and were analyzed by qPCR using primer sets for
RPL30. Data are represented as a ratio of the input sample (1:25) and are the
mean and S.D. (error bars) of three different experiments. * indicates signifi-
cance with p < 0.05. n.d. indicates that the C/EBP3 binding to the P2 and P3
was not detected in the C/EBPB ™/~ cells.

exposure, but by 6 h, there was an increase in LIP protein levels
that extended for up to 24 h of stress treatment (Fig. 6B). These
results indicate that expression of LIP, a known transcriptional
inhibitor, can be differentially regulated during UV and ER
stress (Fig. 6C). Following 3 h of UV irradiation, LIP levels are
sharply enhanced, which coincides with repression of ATF4
transcription. By comparison, induction of LIP expression does
not occur until later in the ER stress regimen, 6 h after the onset
of thapsigargin treatment.
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FIGURE 5. C/EBPB mRNA is stabilized following UV irradiation. A, wild-
type MEF cells were exposed to 1 um thapsigargin (TG) or 40 J/m? UV-C irra-
diation (UV) and cultured for up to 4 h as indicated. RNA was prepared from
these cells, and C(/EBPB mRNA levels were measured by qPCR. The amount of
C/EBPP transcript is presented relative to the no-treatment control (0), and
the S.D. is indicated by error bars. * indicates significance with p < 0.05. B,
measurements of C/EBP3 mRNA half-life were carried out by first treating cells
with UV irradiation or thapsigargin. 1 h after the initiation of the stress regi-
men, transcription was blocked by treating the cells with 20 um actinomycin
D (UV/AD or TG/AD), and then cells were cultured for up to an additional 4 h.
Alternatively, cells were treated with actinomycin D (AD) alone. C/EBP3 mRNA
levels were measured by gPCR at the indicated time intervals. Values are
representative of the mean with the S.D. indicated by error bars. C, the half-life
of the C/EBPB mRNA for each of the stress arrangements was determined by
plotting the transcript levels versus the length of time of the actinomycin D
treatment in a semilogarithmic graph.

LIP Is a Potent Repressor of ATF4 Transcription—QOur studies
suggest that the LIP isoform of C/EBPf can function as a
repressor of ATF4 transcription. We addressed this idea by two
experimental approaches. First, we transfected plasmids specif-
ically expressing either the LIP or LAP isoforms into the
C/EBPB~'~ MEF cells and measured the activity of the ATF4
promoter using the P, ;r,-Luc reporter. In cells expressing only
LAP (Fig. 7A), there was about a 2-fold increase in P ,p,-Luc
activity following UV irradiation (Fig. 7B). This level of induced
luciferase activity was similar to that measured in the
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FIGURE 6. LIP isoform of C/EBP  is differentially expressed during UV and
ER stress. CEBPB~/~ MEF cells and the wild-type counterpart were treated
with 40 J/m? UV-C irradiation (UV) (A) or 1 um thapsigargin (TG) (B) and were
cultured for up to 24 h as indicated. Protein lysates were prepared from the
treated cells, and the levels of ATF4, LIP, LAP, and B-actin were measured by
immunoblot analyses. Each panel is representative of three independent
experiments. C, the levels of the LIP isoform of C/EBPS were quantified by
densitometry and are represented as relative levels of the LIP band as com-
pared with the no-treatment control (0).

C/EBPB ™' cells transfected with the expression vector alone.
The levels of P, ;x,-Luc activity were also increased over 2-fold
upon thapsigargin treatment independently of LAP expression
(Fig. 7B). By comparison, expression of LIP in the C/EBPB ™'~
cells restored repression of the ATF4 promoter with a 50%
reduction in luciferase activity with UV irradiation (Fig. 7, A
and C). Interestingly, expression of LIP in the C/EBPB ™'~ cells
also blocked the activation of the A TF4 promoter in response to
ER stress (Fig. 7C), suggesting that low LIP expression in the
early phase of ER stress is critical for induction of ATF4 mRNA
(Fig. 6B).

Our second experimental approach to address the role of LIP
in the repression of ATF4 transcription centered on previous

JUNE 22,2012-VOLUME 287 +NUMBER 26

A

C/EBPp" tsf with

Vec LAP LIP
NT UV NT UV NT UV

LAP w o |
LIP —-— c—l
JaXoit]gl [RER— |

vy

5
2 M PATF4-Luc
= 4 O PaTF4-Luc + LAF
Q *
o3 *
. *
' *
4 2
L
i ﬂ
o

0

NT TG uv

O

> M PATF4-Luc
= 4 " O PATF4-Luc + LIP
©
©
o 3
) *
|
' 2
<
-
“ L] *
0
NT TG uv

FIGURE7.LIPis apotent repressor of ATF4 transcription. A, C/EBPB '~ MEF
cells were cotransfected with the P,.,-Luc reporter and plasmids specifically
expressing either the LIP or LAP isoforms of C/EBP 3 or the parent vector (Vec).
The transfected cells were treated with UV irradiation (UV) or subjected to no
treatment (NT), and the levels of LAP, LIP, and B-actin were measured by
immunoblot analyses. Levels of P,1e,-Luc activity were also measured in the
cells expressing LAP (P,re,-Luc + LAP) (B) or LIP (P,re,-Luc + LIP) (C) as com-
pared with the cells containing P,7r,-Luc and the expression vector alone
(Pares-Luc). Luciferase activity is presented in the histograms with the lucifer-
ase activity in the non-treated wild-type cells being represented as a value of
1. Values were derived from three independent experiments with the S.D.
indicated by error bars. * indicates significance with p < 0.05. Tsf, transfection
of cells with the indicated expression plasmids.

reports that a short uORF in the C/EBP3 mRNA is essential for
expression of the LIP isoform (39, 40). This uORF can inhibit
translation initiation of LAP and instead enhance ribosomal
scanning and subsequent reinitiation at the downstream LIP.
As a consequence, MEF cells containing a mutation in the ini-
tiation codon of the uORF (C/EBPB-AuORF) lose the ability to
express LIP, resulting in only LAP and LAP* being present in
the cells (40). We transfected the P, ;,-Luc reporter into the
C/EBPB~'~ and C/EBPB-AuORF MEF cells and the wild-type
counterpart and measured the ATF4 promoter activity in
response to either treatment with UV irradiation or thapsi-
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FIGURE 8. Loss of LIP in C/EBP[3-AuORF cells alleviates repression of ATF4
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transfected with the P,.,-Luc plasmid and treated with either with 1 umthap-
sigargin (TG) or 40 J/m? UV-C irradiation (UV) or subjected to no stress treat-
ment (NT). P,7e4-Luc expression was measured and is represented in the his-
togram with the non-treated cells indicated as a value of 1. Values were
determined from three independent experiments with the S.D. indicated by
error bars. B, the wild-type (WT), C/EBPB~/~, and C/EBPB-AUORF cells were
treated with UV or thapsigargin stress for up to 6 h, and the levels of ATF4
mRNA were determined by qPCR. Mean values are presented in the histo-
grams with the S.D. indicated by error bars. C, alternatively, the levels of the
indicated proteins in the stressed wild-type (WT) and C/EBPB-AuORF (AuORF)
cells were measured by immunoblot analyses. The zero time indicates no
stress treatment. D, levels of ATF4 translational control were measured in
wild-type, C(/EBPB~/~, and C/EBPB-AuORF cells that were transfected with the
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gargin. In response to the UV stress, luciferase activity was
increased by over 2-fold in C/EBPB~'~ and C/EBPB-AuORF
cells, whereas P, ;r,-Luc expression was sharply decreased in
the wild-type cells (Fig. 84). There was no difference in the
activity of the ATF4 promoter in the mutant and wild-type MEF
cells during ER stress. The levels of ATF4 mRNA in the
C/EBPB-AuORF MEF cells were significantly enhanced in
response to UV irradiation, which was similar to the levels
found in the C/EBPB~'~ cells (Fig. 8B). By comparison, the
wild-type cells showed a sharp reduction in ATF#4 transcripts
following UV stress. During ER stress, the C/EBPB™'~,
C/EBPB-AuORF, and wild-type cells each showed over a 4-fold
increase in ATF4 mRNA levels.

We also measured ATF4 protein in wild-type and C/EBPj3-
AuORF cells and found that there was an increase in ATF4
protein following 3 and 6 h of UV irradiation (Fig. 8C). In the
matched wild-type MEF cells, we observed only low levels of
ATF4 expression 3 h after the UV treatment and no ATF4 pro-
tein 6 h after initiating the stress. As expected, LIP was not
detected in the C/EBPB-AuORF cells. Furthermore, CHOP
protein was significantly diminished in C/EBPB-AuORF cells in
response to UV irradiation, whereas during ER stress, there
were similar levels of induced CHOP in both the wild-type and
C/EBPB-AuORF cells. This finding suggests that LIP, but not
LAP, can facilitate CHOP function.

Finally, we measured preferential translation of ATF4 in the
wild-type, C/EBPB~'~, and C/EBPB-AuORF cells in which
elF2a~P was induced by either UV or ER stress (Fig. 8D). The
ATF4 translational control was determined by transfecting into
these cells a previously described plasmid encoding the
5'-leader of the ATF4 mRNA that includes the uORFs between
the constitutive TK promoter and the firefly luciferase reporter
(7). There was a significant increase in the luciferase activity in
each cell line in response to either UV irradiation or thapsi-
gargin (Fig. 8D). This indicates that C/EBP is not required for
preferential translation of ATF4 in response to e[F2a~P, and if
the ATF4 mRNA is available following UV irradiation, there
will be high levels of synthesized ATF4 protein. Taken together
these experiments demonstrate that LIP is critical for repres-
sion of ATF4 transcription in response to UV irradiation. Fur-
thermore, LAP is not required for activation of the ATF4 pro-
moter in response to ER stress.

Loss of C/EBPB Isoform LIP Increases Expression of ATF4
Target Genes—The absence of LIP led to increased ATF4
mRNA and protein levels in both C/EBPB~’~ and C/EBPB-
AuORF MEF cells in response to UV irradiation. We next
wanted to determine whether expression of key ATF4 target
genes in the ISR also increased with the elevated ATF4 expres-
sion in the LIP-deficient cells. We measured three well charac-
terized ISR genes: ASNS, which catalyzes the conversion of
aspartate to asparagine; CAT-1, an amino acid transporter, and
CHOP, which encodes a bZIP transcription factor that can
facilitate apoptosis (Fig. 9) (9, 10, 33, 46). As illustrated in Fig. 9,

P-ATF4-Luc reporter. Following UV or thapsigargin treatment, luciferase
activity was measured and is presented in the histograms relative to no stress
treatment (NT) with a value of 1. The luciferase measurements were from
three independent experiments with the S.D. indicated by error bars.
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FIGURE 9. Alleviation of ATF4 repression in C/EBPB-AuORF cells causes increased expression of ATF4 target genes in response to UV irradiation.
Wild-type and ATF4~/~ MEF cells were treated with 1 um thapsigargin for up to 6 h, and the levels of ASNS (A), CAT-1 (B), and CHOP (C) mRNAs were measured
by gPCR. Wild-type, C/EBPB~'~, and C(/EBPB-AuORF cells were treated with 40 J/m? UV-C irradiation (UV) or thapsigargin (TG) and cultured for up to 6 h as
indicated. The levels of ASNS (D), CAT-1 (E), and CHOP (F) mRNAs were measured by qPCR. Values are presented relative to the no-treatment controls (0), and the

S.D. for each is indicated by an error bar. * indicates significance with p < 0.05.

A, B, and C, ATF4 was required for full induction of each of
these mRNAs in response to ER stress. Next we measured
ASNS, CAT-1, and CHOP mRNAs in the wild-type,
C/EBPB~'~, and C/EBPB-AuORF MEF cells treated with UV
irradiation or thapsigargin. The levels of each of these three
transcripts were not increased in either wild-type or
C/EBPB ™’ cells when treated with UV irradiation, whereas
ASNS and CAT-1 mRNAs increased significantly by 6 h in the
C/EBPB-AuORF cells (Fig. 9, D and E). Transcription of these
genes was uniformly increased among these MEF cells in
response to ER stress. These results suggest that increased
ATF4 protein levels lead to increased expression of two of its
key target genes. The fact that these genes were induced in
C/EBPB-AuORF cells but not in the C/EBPB~’~ cells is consist-
ent with reports that LAP heterodimerizes with ATF4 and facil-
itates transcription of ISR promoters, such as ASNS (33, 34).
The levels of CHOP mRNA did not significantly increase in the
C/EBPB-AuORF cells in response to UV irradiation (Fig. 9F). As
will be highlighted further in the “Discussion,” this observation
is consistent with previous reports that, like ATF4, prior treat-
ment with UV irradiation blocks induced CHOP transcription
by other stress treatments that enhance elF2~P and ATF4
expression (47, 48).
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DISCUSSION

This study provides mechanistic insight into how ATF4
expression is repressed in response to UV irradiation despite
induction of eIF2a~P. As highlighted in the model in Fig. 104,
transcription of ATF4 is repressed following UV irradiation,
and therefore, there are low levels of ATF4 mRNA available for
translation during e[F2a~P (Fig. 1) (25). This differs from envi-
ronmental stresses that increase ATF4 synthesis, such as those
afflicting the ER where there is activation of ATF4 transcrip-
tion, thus further enhancing the levels of ATF4 mRNA for pref-
erential translation by eI[F2a~P. Central to the repression of
ATF4 transcription is the LIP isoform of C/EBP (Figs. 4, 7, 8,
and 10A). The ATF4 promoter contains elements that bind
C/EBP, and this association is enhanced following UV irradi-
ation (Figs. 4 and 10A). Sequential 5'-truncations as well as
internal deletions of the ATF4 promoter indicate that
sequences situated between —1000 and —789 bp facilitate
repression of ATF4 transcription in response to the UV stress
(Fig. 2). Within this repressing region of the ATF4 promoter are
binding sites for C/EBP 3, which encodes three isoforms of the
bZIP transcriptional regulator, LAP, LAP*, and LIP, produced
by differential selection of initiation codons during translation
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not yet been determined (61). UV irradiation triggers repressed transcription
of the ATF4 gene by increased C/EBPS association at the ATF4 promoter
sequences between —1000 and —879 bp. The LIP isoform of C/EBP is central
for ATF4 repression, and this regulation is suggested to involve LIP engage-
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elF2a~P. The resulting loss of ATF4 expression during UV stress impedes the
induction of its ISR target genes. B,a combination of transcriptional and trans-
lational control of ATF4 directs the gene expression program of the ISR. The
elF2 kinase GCN2 is activated by nutritional deprivation or UV irradiation,
whereas PERK is regulated by ER stress. The resulting induced elF2a~P can
lead to preferential translation of ATF4 by a mechanism involving delayed
ribosome reinitiation, which ribosomes to bypass an inhibitory uORF in the
ATF4 mRNA. Activation of ATF4 transcription by many different stresses
enhances the amount of ATF4 mRNA available for translation in response to
elF2a~P. Transcription factors that activate the ATF4 promoter include PDX1
in islet B-cells of the pancreas upon ER stress, NRF2 in response to oxidative
stress, and CLOCK, which facilitates resistance to anticancer agents cisplatin
and etoposide. As a consequence, there will be enhanced levels of ATF4 that
directly activate the transcription of ISR target genes involved in metabolism,
the redox status of cells, and regulation of apoptosis. Examples of target
genes for each ISR category are illustrated. Alternatively, the ATF4 promoter
can be repressed by a different set of stress conditions. The LIP isoform of
C/EBP directly facilitates repression of ATF4 transcription in response to UV
irradiation. This would result in low levels of ATF4 mRNA available for prefer-
ential translation during UV stress despite high levels of elF2a~P, thus low-
ering the expression of the ATF4 target genes in the ISR. NASH, non-alcoholic
steatohepatitis.

(39, 40). Deletion of C/EBPf also negated the inhibition of
ATF4 transcription following UV irradiation, turning this stress
condition instead into an inducer of ATF4 mRNA and protein
expression (Fig. 3).
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The shorter version of C/EBP, LIP, contains a bZIP domain
that is important for DNA binding but is missing the amino-
terminal activation domain. Hence, LIP is a documented
repressor of transcription (30 —32, 45). Our ChIP analysis of the
ATF4 promoter indicates that C/EBP binds directly within the
repressing region with enhanced association following UV
treatment (Fig. 4). Although the ChIP experiments did not dis-
tinguish whether the LIP and LAP versions of C/EBPS associ-
ated with the ATF4 promoter, two lines of evidence support the
idea that LIP represses the transcription of ATF4 (Fig. 104).
First, expression of LIP, but not LAP, restored repression of
ATF4 transcription in C/EBPB ™'~ cells subjected to UV irradi-
ation (Fig. 7). Second, ATF4 transcription was not repressed
upon UV irradiation in C/EBPB-AuORF cells, which express
the LAP and LAP* isoforms but not LIP (Fig. 8). In fact, UV
stress in the C/EBPB-AuORF cells led to a significant increase
of ATF4 mRNA and protein levels in response to UV
irradiation.

A consequence of reduced A TF4 expression during UV stress
is the loss of activation of its target genes despite robust
elF2a~P and the accompanying repression of global transla-
tion (Fig. 104) (25). However, increased ATF4 expression was
observed in the C/EBPB-AuORF cells subjected to UV irradia-
tion, which resulted in enhanced transcription of ISR target
genes ASNS and CAT-1 (Fig.9, A-C). Therefore, UV irradiation
can trigger significant activation of the ISR target genes when
ATF4 expression is restored upon elF2a~P.

Itis noteworthy that there was no increase in the ATF4 target
gene CHOP in C/EBPB-AuOREF cells following UV stress. Pre-
viously, Schmitt-Ney and Habener (47) reported that UV irra-
diation is a potent repressor of CHOP expression, and like
ATF4, prior treatment with UV irradiation blocks induced
CHOP transcription by other stress treatments, such as ER
stress and nutrient deprivation. Central to this repression is the
first exon of CHOP as inclusion of this region of the CHOP gene
into a reporter containing the CHOP promoter represses tran-
scription in response to UV irradiation (47). This would explain
the absence of induced CHOP transcription in the C/EBPS-
AuORF cells where ATF4 is activated by UV stress; i.e. ATF4
activation of CHOP transcription is blocked by repressing fac-
tors that can function via an exon region of CHOP. Further-
more, this suggests that although LIP is a potent repressor of
ATF4 in response to UV irradiation this isoform of C/EBPf3
does not directly contribute to repression of CHOP. It was also
reported that C/EBPf can dimerize with CHOP, which allows
increased stability and nuclear targeting of CHOP (43, 49).
Therefore, C/EBPB can regulate multiple steps in the ISR,
including both regulation of ATF4 transcription and the func-
tion of its downstream effector, CHOP.

Transcriptional Regulation Combined with Translational
Control of ATF4 Allows for Different Patterns of ISR Gene
Expression—Transcriptional regulation of ATF4 provides a
new dimension to the ISR. The half-lives of ATF4 mRNA and
protein are short (25, 50); therefore, the activity of ATF4 is
tightly linked to its synthesis, namely the transcription of ATF4
and its translation with the latter being dictated by the status of
elF2a~P. Activation of ATF4 transcription leads to more
mRNA available for preferential translation during elF2a~P
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(Fig. 10B). Alternatively, repression of ATF4 leads to lower
mRNA levels, thus diminishing synthesis of ATF4. In this way,
elF2~P can repress global protein synthesis, allowing for con-
servation of resources, but A TF4 expression and the ISR can be
differentially expressed depending on the nature of the stress
condition. In addition to UV irradiation for which we showed
that LIP represses ATF4 transcription, brain ischemia and
Non-alcoholic steatohepatitis were reported to induce
elF2a~P yet trigger low ATF4 expression (Fig. 10B) (26, 27).
Therefore, ATF4 repression in the ISR is suggested to be impor-
tant among different physiological stresses.

C/EBP contributes to cell proliferation and differentiation
and cellular stress responses (30-32). During the course of
these processes, the activity of C/EBP can be regulated at mul-
tiple levels, including transcription, mRNA stability, protein
phosphorylation, and translational control, that can lead to dif-
ferential selection of start codons (30 -32, 39, 40, 43, 49, 51-58).
Consistent with these ideas, C/EBP3 mRNA is stabilized by UV
irradiation (Fig. 5), and the levels of LIP protein can be tran-
siently increased after UV irradiation (Figs. 6A and 10A) (43,49,
51). C/EBPB mRNA was reported to be stabilized by HuR, a
protein that binds to AU-rich elements in the 3'-untranslated
regions of mRNAs, which provides a mechanism for decreased
decay of C/EBPP transcripts in response to selected environ-
mental stresses, such as UV irradiation (54). During the early
phases of ER stress, up to about 3 h of thapsigargin, there is no
comparable increase in LIP levels (Figs. 6 and 10A4). This is
consistent with prior studies, which reported no increase or in
some cases a transient decrease in LIP protein levels during the
first few hours of thapsigargin treatment of cultured cells (43,
49). Changes in C/EBP3 mRNA levels as well as translational
control and stress signaling are likely to be central to the regu-
lation of LIP repression of its target genes. Additionally, the
availability of certain protein binding partners for the LIP bZIP
transcription factor may be a contributing factor to the LIP
repression of gene transcription.

Multiple Stress Response Pathways Can Contribute to ISR by
Regulating ATF4 Transcription—C/EBP 3 activity was reported
to be regulated by different mitogen-activated protein kinases,
mammalian target of rapamycin (mTOR); and elF2a~P (30, 39,
51, 59, 60). Therefore, a central target for cross-pathway regu-
lation between the ISR and other stress response pathways is
modulation of ATF# transcription. In this way, eI[F2a~P and
the ISR are not restricted to commensurate ATF4 synthesis, but
rather the levels of ATF4 mRNA subject to preferential trans-
lation can be adjusted to the requirements of the cell for a spe-
cific environmental stress. This finding suggests that eI[F2a~P
induced by a range of environmental stresses can lead to pref-
erential translation of a differential subset of many different
target genes. In the case of UV stress, there is repressed ATF4
expression, and induced elF2a~P can instead trigger preferen-
tial translation of alternative target mRNAs that facilitate DNA
repair and enhance survival (Fig. 104) (61). Selection of the
precise target genes that are subject to preferential translation
can be tailored to the individual stress condition, eliciting gene
expression that is optimal for remedying the underlying cell
damage.
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Regarding transcriptional activation of ATF4, stresses that
can increase ATF4 mRNA levels include ER stress (6, 29, 62),
such as that induced by thapsigargin, starvation for amino acids
(28), oxidative stress (63, 64), and certain anticancer agents (65,
66) (Fig. 10B). We are just beginning to understand the under-
lying mechanisms by which these stress conditions can induce
ATF4 mRNA. In the case of oxidative stress, the transcription
factor NRF2 was reported to bind to the ATF4 promoter and
enhance its expression, which can serve to alleviate stress dam-
age and facilitate angiogenesis (63, 64). The transcription factor
CLOCK is suggested bind to the ATF4 promoter, resulting in
enhanced ATF4 expression that can provide resistance to the
anticancer drugs cisplatin and etoposide (67) (Fig. 10B). Finally,
PDX1, a pancreas-specific transcription factor, activates the
ATF4 promoter upon ER stress in islet B-cells (68). Together
these findings suggest that many different transcription factors
can bind to the ATF4 promoter and modulate the levels of
ATF4 mRNA. Some of these transcription factors are inhibi-
tors, triggering discordant induction of elF2a~P and ATF4
expression upon selected environmental stresses, whereas oth-
ers are activators, amplifying A TF4 expression in the ISR. Fur-
thermore, there can be tissue-specific regulation of ATF4 dur-
ing certain stress conditions. As a consequence, multiple stress
pathways can control the induction of ATF4 by elF2a~P,
insuring that the levels of ATF4 and its ISR target genes are
tailored for a given stress condition.
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